The detailed knowledge of the fine atomic structure of epitaxial interface is of fundamental importance for design and fabrication of electronic devices with exotic physical properties. Recently, it has been shown that accounting for diffusion energy barriers at specific sites on the epitaxial interface (atomic terraces, steps, kinks and imperfections), allows fine tuning of the adatom thermal energy which opens up a way for specific nanoscale surface design. Hence, through simple temperature variation, the surface migration of foreign atoms and clusters leads to formation of a variety of alloyed or pure terraces, alloyed islands and alloyed atomic stripes thus forming nanoscale surface patterns. A key role in this scenario plays the density of steps and kinks at the epitaxial interface. On that physical background, in the present paper we discuss the structure, stability and rupture of alloyed terraces as a first step towards the formation of alloyed two-dimensional islands on pure, non-alloyed substrate. The atomistic simulational model reveals a temperature-dependent critical terrace width for rupture and specifies criteria for thermodynamic stability. In the case of incomplete alloying we analyze the competition and overlapping of the elastic strain fields generated by opposite terrace edges. The specific atomic ordering in alloyed islands is also discussed. The simulation results frame the limits of incomplete surface-confined intermixing and point to a path to nanoscale surface design. PACS number(s): 81.16. Rf, 68.35.Fx, 
Introduction
Surface alloy formation is a classical problem in material science. In the last years a number of experimental and theoretical studies have been devoted to this rather common phenomenon taking place in volume immiscible systems, [1] [2] [3] [4] [5] [6] [7] [8] . Recently, it has been shown that by accounting for the wide-ranging diffusion energy barriers, related to specific sites on the crystal surface as flat domains, atomic terraces, steps, kinks and vacancies, the surface-confined intermixing could be classified as blocked, incomplete or complete [2, 3] . This classification provides opportunity to control and direct the surface diffusion by variation of the thermal energy of adsorbed foreign atoms in a way that induces nanoscale patterning at different atomic levels on epitaxial interface, Fig. 1 .
Fig. 1. (a)
Incomplete alloyng with surface inetrmixing exclusively in the vicinity of the steps of atomic terraces; formation of alloyed stripes followed by pure non-alloyed terrace domains. (b) entirely alloyed two-dimwnsional atomic islands on top of pure substrate. Cu atoms (green balls), Pb overlayer adatoms (gray balls) (after Michailov [3] )
The variation of the system temperature makes it possible for the adatoms to follow and overcome step-up or step-down hierarchy of barriers imposed by the surface morphology on atomic scale. For systems with a large mismatch in atomic size, these barriers cover a wide energy range. A very telling example is the Pb/Cu interface where diffusion barriers for adatoms are limited from 0.03 eV for a simple Einstein random walk to 1.17 eV for direct embedding inside the substrate layer [6] . As a result of this extended energy range, the system forms a variety of nanoscale patterns on the interface including alloyed stripes at the terrace edges, entirely alloyed islands on nonalloyed substrate, alloyed terraces, etc. In the present report, we focus our attention on the problem of the structure, stability and rupture of alloyed terraces as a first step towards formation of two-dimensional (2D) islands with totally mixed atomic structure. All results discussed here are related to the already defined energy gap of incomplete alloying [3] . This region is specified by adatom energy not exceeding the energy necessary to overcome the barrier for direct embedding inside the substrate, but higher than the energy for diffusion inside the terrace across the steps. In the frame of these constrains, we deal with the temperature-and size-dependent stability of alloyed stripes, terraces and 2D islands.
Physical and computational model
The physical and computational model in the present study allows for description of wide-ranging surface morphology including atomic terraces with variable size, flat domains, steps, kinks, vacancies, etc. The atomistic simulations are based on classical Monte Carlo sampling with many-body tight-binding potential between interacting atoms [9, 10] . The calculations are performed on canonical ensemble with system size L x = 57, L y = 33 and L z = 5 lattice units. Approaching the equilibrium configuration, the system undergoes a number of structural transformations, which are examined by a series of successive snapshots and Pair Distribution Function (PDF) analysis. The variation of interface energy is indicative for the final equilibrium state of the system. At that state, for a fixed temperature, the total system energy is minimal and fluctuates around a constant value. The equilibration time varies between 1x10 5 and 5x10 5 Monte Carlo steps per atom, depending on the temperature. All parameters of the interacting potential implemented in the computational model are taken from [10] . The initial configuration is fcc(111) crystal surface with atomic steps and random adsorption of foreign atoms. The atomic terraces have variable size and step anisotropy. Because of the specific substrate symmetry, the terrace ends with two types, A and B steps [11] . Let us point out that the steps have different line energy and different relaxation ability in the corresponding direction. Hence, the diffusion barriers for adatom penetration into the terrace across the terrace edges are expected to be different. A model system in the atomistic simulations reported here is Pb/Cu interface because of the large misfit of 37% and volume immiscibility of these two substances. Additional motivation for this selection is the huge number of experimental and theoretical studies on this system, acting as a reliable point of reference for the computational model [1, 2] . Complete simulation details are described elsewhere [2] . The general scenarios of stripes and islands alloy formation at fixed temperature have been recently reported [2, 3] .
(a) (b) 3 . Rupture of alloyed terraces at epitaxial interface
Width dependence of terrace stability
After a random adsorption of Pb atoms on stepped Cu(111) surface with initial configuration of terrace with A and B steps, the system generates a patterned interface structure, Fig. 1a . This structure is characterized by welldefined alloyed stripes at the terrace edges and non-alloyed domain on top of the terrace. The stripe width varies for A and B steps as a result of different relaxation ability of the edges. The linear atomic ordering in stripes is more pronounced at B steps where the elastic strain is reduced. The effect of strain release is clearly seen at 400 K in Fig.  1a . The sequence of Pb and Cu atoms leads to a well-structured upper left stripe due to the eased shifting of Cu terrace atoms towards nearest three-fold symmetry site on the substrate. This ordering has not been observed at elevated temperature, T = 600 K, where the system forms a completely disordered alloyed stripe. The result is also supported by PDF analysis of the overlayer. This analysis yields sharp peaks revealing Pb-Cu first-and secondneighbor arrangement. The formation of alloyed stripes, Fig. 1a , can be realized exclusively for terraces having width, L t , thrice greater than the stripe width, L s [2, 3] . At T = 400 K, the critical terrace width L t.c = 3L s is evaluated to six Cu atomic rows. Decreasing the terrace size below L t.c leads to instability, rupture and a subsequent formation of 2D alloyed islands. The snapshots in Fig. 2 (a-d) demonstrate terrace-break evolution as a result of thermal fluctuations of steps. This process is assisted by the penetration of foreign atoms. Fig. 2 . Time evolution and rupture of alloyed terrace with size of four Cu atomic rows at T = 400 K and 0.05 monolayer of Pb adatoms. At the same width and temperature a pure, non-alloyed terrace is completely stable. The elastic strain generated in the terrace by the overlayer atoms initiates the rupture, followed by formation of alloyed 2D islands, see Fig. 1b . Cu substrate atoms (green balls), Cu terrace atoms (red balls), Pb overlayer adatoms (gray balls).
(a) (b) (d) (c)
The mechanism of rupture follows classical thermodynamics scenario. It starts with generation of a random thermal fluctuation, Fig. 2b , followed by increase of the fluctuation amplitude to a critical value and ends with a rupture, Fig. 2d . This is a preceding step towards formation of 2D islands. It is essential to point out that substrate is completely non-alloyed and the process of terrace destruction and intermixing takes place entirely on top of the surface layer. This effect already divides the epitaxial interface in two levels (alloyed and non-alloyed) with different physical properties. The PDF analysis indicates that the strain energy in alloyed stripe is spread not farther than the fourth atomic row inside the terrace in direction towards its center. Let us remind that the elastic strain originates from the bigger Pb atoms incorporated into the terrace. Because of the final terrace size, the strain fields resulting from the stripes of opposite terrace edges overlap at some distance. This overlapping leads to complete terrace alloying and formation of mixed 2D Pb/Cu islands. This is not the case for a pure interface. The simulation results in the absence of adatoms indicate larger critical width where the terrace instability starts. The pure sixatomic Cu row terrace is still stable while at the same size the alloyed terrace is already ruptured. The critical size for rupture of pure terrace at the same T = 400 K is reduced to four Cu atomic rows. Therefore, the elastic strain inside the alloyed terrace assists its complete destruction.
Temperature dependence of terrace stability
The kinetics of terrace rupture strongly depends on the system temperature. This is demonstrated in Fig. 3 in the temperature range 300 K < T < 600 K. Below 300 K, even narrow terraces with size of three atomic rows remain stable during the end of simulation time. At low temperatures the diffusion of adatoms close to the steps is blocked and the terrace behaves as a non-elastically strained atomic structure. Note, that initial system configuration is built up by terraces with size bellow the critical value of six atomic rows. The dramatic decrease of the rupture time at T = 500 K (relatively high T but still in the energy gap of incomplete alloying), Fig. 3 , is a result of several simultaneously acting processes. Fig. 3 . Temperature dependence of average rupture time of Pb/Cu alloyed terrace on Cu(111) substrate. For T < 300 K, the surface alloying across the steps is blocked and the terrace (non-alloyed) maintains its shape and stability. Pure Cu terrace is stable in the entire temperature interval shown in the figure.
The first of them is the easier relaxation of the system, assisted by the release of elastic strain in the terrace due to the incorporation of foreign adatoms. In the same direction acts the second process of formation of vacancies and their exponentially increased concentration at high temperature [7] . The third process relates to the larger fluctuations of steps and enhanced density of kinks which promote the penetration of foreign adatoms into the terrace. Simulation results show that the break of entirely alloyed terrace takes place only at low adatom concentration of 0.05 -0.2 monolayer coverage. In the case of complete wetting and coverage close to one monolayer, the alloyed terrace does not develop any instability. Even being totally disordered, the terraces maintain their atomic morphology with linear steps and well-defined shape. This stabilisation is a result of suppressed step fluctuations caused by the high concentration of adatoms [2] . The next step in the structural evolution of the interface is 2D islands formation. The time evolution of this process is shown in Fig. 4 (a-d) . When the terrace destruction is realized, the separated parts transforms into clusters with mixed Pb/Cu structure. The physically essential effect here is the absence of overlayer atoms inside the substrate. The resulting interface configuration clearly demonstrates two separate types of pure and mixed phases. These phases are located in different atomic levels, Fig. 4 . The observed pattering provides opportunity for organization of surface patches having entirely different electronic or magnetic properties with respect to the substrate on which they are placed. Fig. 4 . Ordered 2D alloyed islands on pure substrate (green balls). The thermal energy of adatoms (gray balls) is in the energy gap of incomplete alloying. The time evolution of the interface structure reveals successive steps of spontaneous rupture of the terrace. At the final stage of equilibrium, the terrace is transformed into a single island with hexagonal shape in line with Gibbs-Wulff rule.
PDF analysis shows specific ordering in the alloyed islands. The mixed structure exhibits well-defined hexagonal arrangement. The unit cell is consisted of Pb adatom surrounded by six Cu terrace atoms, Fig. 5a . The islands are rotated with respect to the substrate as a result of misfit accommodation and minimization of the interface energy. The Pb arrangement in alloyed overlayer phase inherits the bridge sites between two Cu atoms in [101] direction from the fcc(111) substrate symmetry, Fig. 5 . As seen in Fig. 5b , Pb atoms are separated by two Cu atoms in [101] direction. This arrangement agrees with the PDF substrate and overlayer peeks shown in Fig. 6 . Detailed structural analysis of the alloyed overlayer is in progress [12] . The final issue of the present study relates to the stability of vicinal surfaces at surface-confined intermixing. Here the problem is rather different, since the terrace has highly asymmetric step-up and step-down boundaries. The elastic strain after alloying is spread exclusively in a single direction. Therefore, the formation of alloyed stripes is possible only at the step-down direction. This confinement makes it possible a staircase-like nanoscale surface pattering on epitaxial interface. Since the rupture of terraces is blocked, the formation of alloyed clusters cannot be realized on that kind of interface morphology. The simulation results show that if the vicinal terrace has a width thrice smaller than the stripe width, the entire surface is alloyed. This effect causes complete surface alloying even when the system has not reached a temperature for direct embedding of adatoms into the substrate.
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Conclusion
This study refines the recently suggested model of incomplete surface alloying [2, 3] with respect to the temperature and time evolution of the interface atomic structure. The computational model clears up the essential contribution of the competing atomic interactions in nanoscale surface design. The formation of 2D alloyed islands on a pure substrate can be realized exclusively for terraces narrower than a specific critical width L t,c . The critical width depends on the temperature via the amplitude of thermal fluctuations of steps. The terrace rupture is possible when this amplitude exceeds one half of the terrace width. This scenario of 2D mixed island formation is physically realizable only in the energy gap of incomplete alloying. The mixed atomic ordering in step stripes is favored at Bsteps because of their greater relaxation ability. In the energy range of incomplete surface-confined intermixing, the structural evolution of the epitaxial interface reveals three stages of transformation at fixed temperature: (i) formation of alloyed stripes at the steps of atomic terraces (L t >L t,c ); (ii) complete alloying and rupture of the terrace (L t <L t,c ), (iii) generation and assembling of 2D alloyed islands. The presented scenarios reveal time evolution of nanoscale pattering at epitaxial interfaces through fine diffusion control of adatoms on the crystal surfaces. By simple variation of one of the following parameters: system temperature, terrace width distribution or lattice overlayer/substrate misfit, the interface generates a variety of regular nanoscale assemblies including alloyed stripes, alloyed islands or entirely alloyed terraces on pure substrates. These assemblies have a mixed structure and therefore by varying one of their components, it would be possible to control their electronic or magnetic properties. An example is the succession of alloyed and ordered "conductive" and "non-conductive" atoms in the vicinity of the terrace steps.
The present paper also reveals the extended capability of atomistic models in computer simulations to unravel simultaneously acting effects, to distinguish between them and finally to evaluate their specific contribution to experimentally observed complex physical phenomena.
